Abstract The blood haemoglobin concentration is one of the most frequently used laboratory parameters in clinical practice. There is evidence that haemoglobin levels are influenced by tobacco smoking. The objective of this study was to evaluate the impact of smoking and alcohol consumption on haemoglobin concentrations in apparently healthy subjects living at sea level. A retrospective, epidemiological cohort study was performed in 1984. Participants were 1,503 men and 1,437 non-pregnant women evenly distributed in age cohorts of 30, 40, 50, and 60 years. Information of smoking habits and alcohol consumption were obtained by a questionnaire. Haemoglobin was measured in the fasting state on Coulter-S. Men displayed no difference in mean haemoglobin levels in the four age groups. In women, mean haemoglobin increased gradually with age (p=0.001). Fifty-nine percent of men and 50% of women were daily smokers. Female smokers displayed a significant positive correlation between number of cigarettes/day and haemoglobin concentrations (r=0.12, p=0.002). Heavy smokers (more than ten cigarettes/day) had significantly higher mean haemoglobin (1.4% higher in men, on average 3.5% higher in women) than non-smokers (p<0.01). Smokers demonstrated a significant correlation between cigarettes/day and drinks/week in men (r=0.24, p<0.001) and women (r=0.16, p<0.001). Non-smokers displayed a significant positive correlation between drinks/ week and haemoglobin concentrations in men (r=0.14, p= 0.001) and women (r=0.08, p=0.05). In non-smokers, alcohol consumption >14 drinks/week and more than seven drinks/week for men and women, respectively, increased mean haemoglobin by 1.3% in men and by average 1.9% in women compared with those consuming ≤14 and less than or equal to seven drinks/week. Smokers displayed similar results. Body mass index per se had no direct influence on haemoglobin levels but had indirect positive influence in men through its correlation with tobacco smoking and alcohol consumption. Tobacco smoking has an increasing effect on haemoglobin concentrations in both genders, which is proportional to the amount of tobacco smoked. The effect appears to be more pronounced in women. Likewise, high alcohol consumption has an increasing effect on haemoglobin in both genders, being most pronounced in women. However, in clinical biochemistry, the relatively small changes in haemoglobin do not justify the use of separate reference ranges in smokers and alcohol consumers.
had significantly higher mean haemoglobin (1.4% higher in men, on average 3.5% higher in women) than non-smokers (p<0.01). Smokers demonstrated a significant correlation between cigarettes/day and drinks/week in men (r=0.24, p<0.001) and women (r=0.16, p<0.001). Non-smokers displayed a significant positive correlation between drinks/ week and haemoglobin concentrations in men (r=0.14, p= 0.001) and women (r=0.08, p=0.05). In non-smokers, alcohol consumption >14 drinks/week and more than seven drinks/week for men and women, respectively, increased mean haemoglobin by 1.3% in men and by average 1.9% in women compared with those consuming ≤14 and less than or equal to seven drinks/week. Smokers displayed similar results. Body mass index per se had no direct influence on haemoglobin levels but had indirect positive influence in men through its correlation with tobacco smoking and alcohol consumption. Tobacco smoking has an increasing effect on haemoglobin concentrations in both genders, which is proportional to the amount of tobacco smoked. The effect appears to be more pronounced in women. Likewise, high alcohol consumption has an increasingstatus and in the discrimination between healthiness and disease [1, 2] . In epidemiological studies, low and high haemoglobin levels, even within the reference range, are predictors of mortality [1, 2] . The establishment of appropriate reference ranges in healthy populations is therefore of paramount importance [3] .
In previous papers we have described iron status and the distribution of haemoglobin concentrations in apparently healthy Danes [4, 5] but not considered the potential influence of smoking. However, in our recent paper on 80-year-old subjects [2] , it appeared that tobacco smoking had a significant influence on haemoglobin levels, i.e. smokers displayed higher levels than non-smokers. Search of the literature disclosed several papers reporting an association between smoking and haemoglobin [2, 3, [6] [7] [8] , although the studies were not specifically designed to evaluate this topic. The widespread and variable habit of smoking makes it a potential confounder in the establishment of normal reference ranges for haemoglobin. The objectives of the present study were to clarify the influence of smoking habits, alcohol consumption and, in addition, body mass index on haemoglobin concentrations and to define reference ranges for non-smokers in a cohort of apparently healthy Danes.
Materials and methods

Subjects
The selection of the participants has been described in detail elsewhere [4, 5] . During 1982-1984, a World Health Organization-initiated study, Monitoring of Trends and Determinants in Cardiovascular Disease (DAN-MONICA1) was performed at the Center for Population Studies in Glostrup, Denmark. The participants were residents in Greater Copenhagen and lived at sea level. A randomised sample of 2,404 men (124 of non-Danish origin) and 2,403 women (103 of non-Danish origin) in age cohorts of 30, 40, 50, and 60 years was derived from the Census Registry and were invited by letter to a health examination. A total of 1,843 men (77%) accepted the invitation and were examined in November 1982 through January 1984; among these, 1,503 men examined in February 1983 through January 1984 participated in the iron status survey (70 of non-Danish origin). A total of 1,765 women (74%) accepted the invitation, and 1,455 women examined in February 1983 through January 1984 participated in the iron status survey. After exclusion of pregnant women (n= 18), the final series comprised 1,437 non-pregnant women (78 of non-Danish origin).
Concerning demographic characteristics, the population sample was representative for the entire Danish population, except that farming and fishing occupations were slightly underrepresented.
Methods
All participants had a clinical examination and gave a detailed medical history including blood donation activity and menopausal status. Tobacco smoking was assessed in a questionnaire containing questions about the frequency of smoking and the quantity of tobacco being smoked. "Heavy smokers" were defined as those whose smoke more than ten cigarettes/day. Alcohol consumption was likewise assessed in a questionnaire and transformed into drinks per week. A drink contains~12 g ethanol. "Heavy drinkers" were defined as those who consume >14 drinks/ week for men and more than seven drinks/week for women according to the Nordic recommendations [9] . Body mass index (BMI) was calculated as body weight in kilogram divided by body height in square meters.
Blood samples were drawn in the fasting state between 0800 and 1100 hours. Venipuncture was performed with the participants seated in a recumbent position and using a minimum of compression on the upper arm. Haemoglobin (Hb) was measured on Coulter-S. In order to convert from Hb in mmol/L to Hb in g/L, the value multiply by 0.06205. Serum ferritin was measured by an immunoradiometric assay (Phadebas Ferritin PRIST ® , Pharmacia Diagnostics, Uppsala, Sweden) [10] . According to the results obtained in our previous studies [2, 3] we considered serum ferritin values >20 μg/l to be consistent with the absence of iron deficiency anaemia.
Statistics
Haemoglobin values and serum ferritin log 10 values displayed normal distributions. Differences between groups were assessed by Pearson's chi-square test, analysis of variance (ANOVA) and Student's two-tailed t test for unpaired observations. Correlations were assessed by Pearson's coefficient of correlation (r). Reference ranges were calculated as 95% confidence intervals (CI)=mean± (1.96SD).
Results
Tobacco smoking
The number of participants in the various age cohorts and smoking groups are shown in Table 1 . Among men, 59% (n=892) were daily smokers, and the smoking pattern was fairly similar within the age groups. Among women, 50% (n=716) were daily smokers, and there were significant differences between the smoking pattern in the age groups, those being 30 years of age having the highest and those being 60 years of age the lowest frequency of smoking (p<0.001).
Among daily smokers (n=1,608), 710 men (80%) and 670 women (94%) smoked cigarettes. Among men, 203/ 710 (29%) and among women 250/670 (37%) smoked less than or equal to ten cigarettes/day (p=0.0001).
Alcohol consumption
Only 49 men and 169 women neither smoked nor drank alcohol. Among men, 1,388 (93%) consumed alcohol (missing information in 2), mean 14 drinks/week, median nine drinks/week (observed range, 1-170); 317 (23%) consumed >20 drinks/week. Among women, 1,122 (78%) consumed alcohol (missing information in 1), mean six drinks/week, median three drinks/week (observed range, 1-70); 44 (4%) consumed >20 drinks/week. In daily smokers, there was a significant correlation between the number of drinks/week and number of cigarettes/day both in men (r= 0.24, p<0.001) and in women (r=0.16, p<0.001).
Smoking and haemoglobin
Haemoglobin concentrations in the entire series are shown in Table 2 . In men, there was no significant difference between the age groups (p = 0.08). In women, mean haemoglobin displayed a gradual, significant increase with age (p=0.001); mean value in the entire series of women (n=1,437) was 8.58±0.65 (SD) mmol/L, with 95% CI 7.31-9.85 mmol/L. Table 2 also shows the influence of smoking on haemoglobin concentrations. In both genders, smokers had significantly higher mean haemoglobin than non-smokers. In men, the difference in mean haemoglobin was 0.11 mmol/L (1.8 g/L), and in women, it ranged from 0.12 mmol/L (1.9 g/L) in 30-year-old to 0.31 mmol/L (5.0 g/L) in 50-year-old women.
The influence of smoking on haemoglobin was evaluated in subjects with serum ferritin >20 μg/L (n=2652), i.e. without iron deficiency as shown in Table 3 . Male smokers had significantly higher mean haemoglobin than non-smokers, being 0.12 mmol/L (1.9 g/L) higher. Thirtyyear-old female smokers had similar haemoglobin as nonsmokers, whereas 40-, 50-, and 60-year-old smokers had significantly higher mean haemoglobin than non-smokers, being 0.19-0.27 mmol/L (3.1-4.4 g/L) higher. We found exactly the same pattern in subjects with serum ferritin ≤20 μg/L (n=288; data not shown).
There was a weak but significant positive correlation in daily smokers between haemoglobin and the number of cigarettes/day in women (r=0.12, p=0.002) but not in men (r=0.06, p=0.10). Table 4 shows the association in daily smokers between haemoglobin and the number of cigarettes/ day. In all groups, heavy smokers had higher mean haemoglobin levels than "light" smokers (less than or equal to ten cigarettes/day), but the difference was significant only in 30-and 50-year-old women. Men smoking more than ten cigarettes/day had a 1.4% increase in haemoglobin compared to non-smokers, whereas the increase in women was on the average 3.5% (2.7%, 3.8%, 4.7%, and 2.7% in 30-, 40-, 50-, and 60 year-old women, respectively). Table 5 shows the frequency of low haemoglobin values <130 g/L (8.07 mmol/L) and of <120 g/L (7.45 mmol/L) as [11] . In men, the frequency of low haemoglobin was similar (2.1%) in smokers and non-smokers. However, among women, nonsmokers had a consistently higher frequency of low haemoglobin values (4.4-6.7% according to age) than smokers (0.8-3.6% according to age). In the entire series, the frequency of low haemoglobin was significantly higher in female non-smokers (5.4%) than in smokers (2.5%) (p<0.001).
Alcohol and haemoglobin
We evaluated the effect of alcohol separately in nonsmokers and in daily smokers. In non-smokers, there was a significant positive correlation between the number of drinks/week and haemoglobin levels both in men (r=0.14, p=0.001) and in women (r=0.08, p=0.05). The effect of alcohol was only present in subjects consuming >14 drinks/ week. It appears from Table 6 that male non-smokers consuming >14 drinks/week have 1.3% higher mean haemoglobin than non-smokers consuming ≤14 drinks/ week (p=0.04). In smoking men taking >14 drinks/week, mean haemoglobin was 1.5% higher than in men taking ≤14 drinks/week. Similar results were found in female non-smokers, where heavy drinkers had on the average 1.9% (3.7%, 1.6%, 0% and 2.4% according to age group) higher mean haemoglobin than light drinkers, while heavy-drinking female smokers had on the average 2.3% (3.3%, 2.0%, 1.7%, and 2.3% according to age group) higher mean haemoglobin than light-drinking female smokers. In daily smokers, there were likewise a significant positive correlation between the number of drinks/week and haemoglobin levels both in men (r=0.11, p=0.001) and in women (r=0.12, p=0.001).
Smoking and alcohol vs serum ferritin
There was no consistent association between smoking and serum ferritin. Male smokers had significantly lower ferritin than non-smokers (p=0.002), while female smokers had higher ferritin than non-smokers, although the difference was significant only in 40-year-old women (p=0.01).
However, there was a consistent positive correlation between ferritin and alcohol consumption both in men (r= 0.20, p<0001) and in women (r=0.15, p<0.001). Men had a mean BMI of 27±4 (SD) and women of 25±5 (p<0.0001). In non-smoking men having ≤14 drinks/week (n=162), there was no significant correlation between BMI and haemoglobin (r=0.11, p=0.2). Likewise, in nonsmoking women having less than or equal to seven drinks/week (n=60), there was no correlation between BMI and haemoglobin (r=−0.006, p=1.0).
Men (n=1,503) displayed a weak correlation between BMI and haemoglobin (r=0.14, p=0.01). Women displayed no correlations in the four age groups (data not shown).
In men, there was a significant correlation between BMI and the daily number of smoked cigarettes (r=0.16, p= 0.01) as well as the weekly number of drinks (r=0.08, p= 0.01). Such correlations were not found in women either for cigarettes (r=0.04, p=0.4) or for drinks (r=−0.003, p=0.9). number of cigarettes/day in women. This correlation was not significant in men, perhaps due to other confounding factors including alcohol consumption and BMI. In heavy smokers, the increase in haemoglobin was higher in women, i.e.~0.39 mmol/L (6.3 g/L) than 0.19 mmol/L (3.1 g/L) in men compared to non-smokers. In addition, we found that the amount of alcohol per se had a significant influence on haemoglobin levels in both genders, when it exceeded 14 drinks/week, i.e.
170 g ethanol/week in men, and seven drinks/week, i.e. 85 g ethanol/week, in women. The impact of alcohol on haemoglobin was more pronounced in women than in men. In both smokers and non-smokers, the quantitative alcohol consumption displayed a positive correlation with haemoglobin. Furthermore, there was a positive correlation between alcohol consumption and serum ferritin levels. This could be due to an enhancing effect on dietary iron absorption [12] , which tends to improve iron status and lower the risk of iron deficiency. In addition, alcohol has a harmful effect on the hepatocytes and may induce an inappropriate release of intracellular ferritin to the plasma [13] .
Actually, the effect of alcohol on haemoglobin appeared to be of the same order of magnitude as the effect of tobacco. However, the number of cigarettes/day displayed a positive correlation with the number of drinks/week, demonstrating that tobacco and alcohol go hand in hand as lifestyle factor companions. This makes it difficult to separate the effect of tobacco from the effect alcohol. Approximately 90% of men and 80% of women consumed alcohol, including the vast majority of smokers.
Other studies have reported the influence of smoking on haemoglobin levels. Tsang et al. [6] examined 3,654 Australian subjects 49-97 years of age and stated that smoking and alcohol influenced the reference range but did not report any specific details. In a Dutch cohort study of 16,254 subjects 20-70 years of age, Van Tiel et al. [8] found higher haemoglobin in smokers than in non-smokers of both genders. Skjelbakken et al. [7] examined a cohort of 4,159 Norwegian men 20-49 years of age at baseline and 20 years later. They observed no difference in mean haemoglobin levels after 20 years in any strata of age, which is in accordance with our results showing similar haemoglobin levels in men from 30 to 60 years of age. During the 20-year period, 20% of the men had quitted smoking. Smoking cessation lowered their mean haemoglobin by 0.10 mmol/L (1.6 g/L) compared to those who never smoked. Furthermore, among consistent smokers, there was a positive dose-response relationship between change in cigarettes smoked per day and change in haemoglobin. Nordin et al. [3] established haematological reference intervals in the Nordic Reference Interval Project comprising 1,826 subjects (866 men) 18-90 years of age, of whom 14% were regular smokers. Haemoglobin decreased with age in men; this was probably due to the large age variation with inclusion of elderly men. In previous studies [2] , we have also demonstrated a decrease in haemoglobin in men above 60 years of age. Haemoglobin increased with age in women [3] , which is consistent with our findings. Smoking increased the mean haemoglobin in women by 0.25 mmol/L (4.0 g/L), but there was no increase in men [3] . There was no effect of alcohol on haemoglobin levels [3] . The distribution of haemoglobin in smoking vs nonsmoking women fulfilled the criteria for partitioning. However, for practical reasons, in the final calculation of the reference values, only gender and age were considered when applying the rules for partitioning [3] . Milman et al. [2] examined 358 Danes 80 years of age, of whom~30% were daily smokers. Male smokers had higher median haemoglobin than non-smokers (8.59 vs 8.56 mmol/L); likewise, female smokers had higher median haemoglobin than non-smokers (8.38 vs 8.07 mmol/L).
It appear from both the present and previous series [2, 7] that female smokers display a higher percent increase in mean haemoglobin than male smokers. This could indicate a higher sensitivity to the CO-induced hypoxaemic stimulus and consequently a greater erythropoietic response. However, we were not able to adjust for contributing factors in women, e.g. the concentration of carboxyhaemoglobin, the exact number of cigarettes/day and whether the smoke was inhaled or not.
Tobacco smoking increases the blood levels of CO [14] , which binds to haemoglobin to form carboxyhaemoglobin, which is unable to bind oxygen. The blood concentration of carboxyhaemoglobin increases in proportion with the amount of smoked tobacco and whether the smoke is inhaled. The higher the carboxyhaemoglobin levels, the lower the oxygen transporting capacity of the haemoglobin mass, a scenario corresponding to functional anaemia, which can reduce exercise tolerance and maximal aerobic capacity [15] . Rats being exposed to CO display an increase in both the blood reticulocyte count and the haemoglobin concentration; when exposure is stopped, haematological parameters return to pre-exposure levels [16] .
Presumably, the reduced oxyhaemoglobin levels in smokers stimulate the production of erythropoietin, which increases the haemoglobin concentrations. In our series, men smoking >10 cigarettes/day had a 1.4% increase in haemoglobin compared to non-smokers, whereas in women, the increase was on the average 3.5%, which is in accordance with the carboxyhaemoglobin levels of 3-6% reported in smokers [14, 17] . "Normalization" of haemoglobin after smoking cessation has likewise been reported in humans [7, 8] .
However, besides carboxyhaemoglobin, we should also consider that other yet unidentified compounds in the complex chemistry of tobacco smoke may have direct or indirect influence on erythropoiesis.
Apparently, the influence of BMI on haemoglobin levels was small. In non-smokers/non-drinkers, there was no association between BMI and haemoglobin in either of the genders. Therefore, the weak association between BMI and haemoglobin observed in the entire male series appears to be indirect, i.e. elicited by the association between BMI and smoking and drinking. This association was not found in women.
In the clinical setting, we already operate with differential reference ranges for haemoglobin according to age and gender. Should we also adjust the reference range according to smoking and alcohol consumption? If we use a reference range derived from a mixed population of smokers and nonsmokers, a fraction of non-smokers will erroneously be classified as being anaemic and a fraction of smokers will erroneously be classified as not having anaemia. For example, in our series, the frequency of low haemoglobin values <120 g/L was more than twice as high in female non-smokers (5.4%) than in smokers (2.5%). The number of subjects who will be misclassified depends on the ratio between smokers/ non-smokers in the background population. A high ratio will increase the number of misclassified non-smokers and a low ratio will increase the number of misclassified smokers. Ideally, smokers and non-smokers should have separate reference ranges for haemoglobin, although this would be of some inconvenience in the daily clinical routine.
In conclusion, tobacco smoking has an increasing effect on haemoglobin concentrations, which is proportional to the amount of tobacco smoked, and appears to be more pronounced in women. Likewise, high alcohol consumption has an increasing effect on haemoglobin in both genders, being most pronounced in women. However, in many patients, it is difficult or impossible to obtain reliable estimates of both tobacco and alcohol intake. Therefore, in clinical biochemistry and laboratory medicine, the relatively small changes in haemoglobin do not justify the use of separate reference ranges for in smokers and alcohol consumers.
